The operation of thyristor-based high-voltage direct current (HVDC) system requires abundant reactive power support. Synchronous condensers, as rotating devices with large capacity of reactive power compensation, are generally utilized in HVDC systems. In this paper, the start-up control of a synchronous condenser integrated HVDC system with power electronics based static frequency converter (SFC) is investigated with the following 3 contributions: (1) Three different variable frequency starting methods are proposed regarding the main start-up control component, SFC.
I. INTRODUCTION
With the enhanced reliability of power electronic devices, the stability and voltage level of direct current transmission are gradually improved and the high-voltage direct current (HVDC) transmission technique has been widely recognized [1] - [3] . The interconnection of AC power systems and DC networks is achieved through DC converter stations, which resolves the interconnection of asynchronous networks without the need of considering the issues of phase differences and frequency differences in the power networks.
For a thyristor-based HVDC system, a large amount of reactive power needs to be provided by the AC systems during
The associate editor coordinating the review of this manuscript and approving it for publication was Bijoy Chand Chand Chatterjee . the operation. Hence, it is essential for AC systems to have stronger capability of reactive power compensation. There are many methods of reactive power compensation, including synchronous condenser, static var compensator (SVC) and static synchronous compensator (STATCOM). Synchronous condensers, as rotating reactive power compensation device, have advantages in maintaining voltage stabilization and regulation [4] . The SVC, without rotating parts, is a fast, smooth and controllable dynamic reactive power compensation device. The STATCOM, equivalent to a controllable reactive power supply, can automatically compensate for reactive power required by the grid. Compared with the other two methods, the reactive power output of synchronous condenser is not affected by the operation of power grids and can achieve fast reactive power support with automatic voltage regulator (AVR). A synchronous condenser is commonly used in HVDC system terminal as dynamic reactive power support device.
The start-up control process of the synchronous condenser is complex with a variety of start-up methods, including full voltage start, series inductance start with reduced voltage, auxiliary motor start, asynchronous start, and variable frequency start, etc. Earlier work [4] indicated that on a stiff system, full voltage start was feasible from the voltage dip standpoint and frequently used whereas on a weaker system reduced voltage starting (or some other start-up method) might be necessary. Aside from voltage dip aspects, reduced voltage start was also beneficial for reducing stator winding forces, which might be a significant factor in frequent starting [4] . According to reference [5] , a synchronous condenser shaft usually did not extend out of the base, which indicated that its rotor could be dragged by the prime mover. Hence, the auxiliary motor start method might not be suitable for the condenser start. As for asynchronous start-up control mode, an additional resistor, 10 times the value of excitation resistor, was needed in the excitation circuit [5] . For the synchronous condensers with large capacity, the variable frequency start is generally applied [5] . There has been research regarding the start-up control of synchronous condensers. The principle of grid-integration control of variable frequency start of the synchronous condenser were studied in [6] . The uncontrollable defect of variable frequency start was pointed out. The transient reactive power support capability of the condenser was analysed and a coordinated control strategy of the condenser was proposed in [7] . A control method of commutation leading angle β was proposed to reduce the start-up time in [8] . For control of β, the arc extinguishing angle γ , the load angle δ, and the thyristor commutation overlap angle µ were calculated. A generic converter peak current limitation method was proposed to avoid using constant reactive power control strategy in [9] . It posed that constant active power and balanced current control strategies were conducive to the performances of distance protection. Aforementioned literature did not fundamentally investigate the reliability of the start-up control of the synchronous condenser.
In this paper, the principle of start-up control of a synchronous condenser integrated HVDC system with static frequency converter (SFC) is illustrated in the second section. The surge characteristics of reactive power and the successive rates of integration under three modes are studied in the third section. An optimized variable frequency starting control mode is proposed in the fourth section. A simulation model of a synchronous condenser integrated HVDC system with an SFC is established and the simulation results justify the effectiveness and superiority of the optimized variable frequency start-up control strategy proposed.
II. SYSTEM STRUCTURE AND WORKING PRINCIPLE
To study the variable frequency starting control of synchronous condenser, an HVDC system with synchronous condenser is established in PSCAD/EMTDC. The overall system consists of three parts, including synchronous condenser, power electronics based SFC, and HVDC system [10] . A single-line schematic diagram of the synchronous condenser integrated HVDC system with power electronics based SFC is illustrated in Fig. 1 .
A. SYNCHRONOUS CONDENSER
The main functionality of a synchronous condenser is to provide dynamic reactive power support for the power grid or converter station and adjust the power factor at the interconnection point [11] , [12] . Its essence is a synchronous motor under no load operating conditions with no active power output under nominal conditions. The synchronous condenser generally operates in over-excitation state to absorb capacitive reactive power from the grid, i.e. to provide inductive reactive power to the grid, so as to provide dynamic voltage support at the interconnection point.
The mathematical model of the synchronous condenser is similar to that of a synchronous generator. The differential mathematical relationships of the rotor angle, rotor angular velocity and transient electromotive force with respect to instantaneous transient quantities can be derived as [15] . Under steady-state operating conditions, the transient reactance of the d-axis and q-axis of the synchronous condenser satisfy the following algebraic relationships
where, R a , v d , v q , i d , i q are the stator resistance, voltage component of d-axis, voltage component of q-axis, current component of d-axis, and current component of q-axis, respectively. When the condenser is operating under overexcitation conditions, the no-load counter electromotive force E 0 , which is generated by the rotating magnetic field of the rotor, is larger than voltage V at the system side and the phase of the stator current I is ahead of V . Thus, the synchronous condenser presents characteristics of a capacitor, which provides inductive reactive power to the power grid.
B. STATIC FREQUENCY CONVERTER
The objectives of using an SFC is to control the voltage/current with continuous and adjustable variable frequency via power electronics [16] . It has been mainly used for starting medium generator sets in power stations with pumped storage, dragging large machine sets. The mode of variable frequency start-up control is generally used to start a synchronous condenser.
The SFC system is divided into voltage source converter (VSC)-based SFC and current source converter (CSC)-based SFC [17] . For a VSC-based SFC, which converts the voltage frequency at SFC AC terminal, it consists of a grid-side converter, a condenser-side converter and a DC capacitor. The grid-side converter is mainly used for providing a stable DC voltage. Hence, the grid-side converter and its DC capacitor can be represented by an equivalent DC voltage source. The topology of a VSC-based SFC is illustrated in Fig. 2 .
The VSC-based SFC can achieve the control of the voltage frequency at the condenser AC terminal by fast pulsewidth modulation (PWM) [18] - [20] . The rotor speed ω is positively correlated with the AC voltage frequency. In order to control the rotor speed of synchronous condenser to 105% of the rated speed, the AC voltage frequency controlled by SFC should be 1.05 times the nominal frequency. Since the nominal frequency of the AC grid is 50 Hz, the controlled voltage frequency settings of the SFC should be 52.5 Hz. When the rotor speed reaches 105% (3150 rpm) of the rated speed (3000 rpm), the circuit breaker between the SFC and synchronous condenser is disconnected. The synchronous condenser goes into the decelerate mode, and the stator starts to establish voltage. The synchronization control is activated at this stage to capture the synchronizing integration point. The synchronous condenser is connected into the system by closing the integration circuit breaker when the rotor speed is close to 3000 rpm [21] , [22] .
III. VARIABLE FREQUENCY START-UP CONTROL MODES OF THE SFC
The start-up process of the synchronous condenser with SFC can be divided into three stages: speed regulation stage, voltage establishment stage, and grid-integration stage [23] - [25] .
Based on the structure and start-up characteristics of the synchronous condenser, the variable frequency starting control mode of the SFC at the speed regulation stage is analysed. In this paper, the impact of three different variable frequency starting methods, i.e. step-type, slope-type and stair-type, on the surges of reactive power and terminal voltage is investigated. The fluctuation of reactive power can show the redundancy of reactive power transmitted to the grid; the fluctuation of terminal voltage can show its adverse impact on the power grid in the start-up stage of synchronous condenser. The mathematical equations of the frequency reference under the three variable frequency control modes are as
where, f 1 is the frequency reference of case1, step-type control mode; f 2 is the frequency reference of case2, slope-type control mode; f 3 is the frequency reference of case3, stair-type control mode; t 0 is usually set as 8s; k is the slope of frequency reference;t k depends on the value of k (t k = t 0 +2.5/k); m is usually set as 10; t i depends on the unit time of stair T unit . The frequency reference characteristics of them are illustrated in Fig. 3 . Fig. 3(a) shows the performance of the step-type variable frequency starting control. Initially, the frequency reference is set at 50 Hz (rated frequency). At 8 s, the frequency instantly jumps up to 52.5 Hz and remains stable. Fig. 3(b) presents the slope-type variable frequency starting control. At 8 s, the frequency reference value increases gradually from 50 Hz with a fixed slope. Fig. 3(c) demonstrates the stairtype variable frequency starting control. At 8 s, the frequency reference value increases gradually from 50 Hz to 52.5 Hz in a certain stairs where the period of each stair is the same. 
A. STEP-TYPE VARIABLE FREQUENCY START-UP CONTROL
A synchronous condenser integrated HVDC system with a VSC-based SFC is established in the time-domain simulation PSCAD/EMTDC. The system topology is the same as illustrated in Fig. 1 . In order to adopt to a broader situation, when we study and improve the condenser start-up control strategy, we will disconnect the condenser from the HVDC system. In this case, the control mode of the SFC is set to step-type variable frequency starting control, i.e. trigger the frequency control at 8 s. The dynamic behaviours of the rotor speed are presented in Fig. 4 . The performance of the reactive power Q m and terminal voltages is evaluated when the frequency reference steps up at different instants t 0 , i.e. 8 s -12 s and 14 s. In addition, the length of periods required for the rotor speed to increase from 314 rad/s to 330 rad/s is analysed and used as the basis for evaluating the efficiency of this start-up control mode. The simulation results are presented in Table 1 . As we can see from Fig. 4 , the length of periods required for the rotor speed to increase from 314 rad/s to 330 rad/s is very short. With the delay of the step-up instant, the length of periods for the rotor speed reaching 330 rad/s increases and the surges of the reactive power has a tendency of decreasing when the step-up instant increases from 8 s to 11 s as shown in Table 1 . However, when the step-up instant is later than 12 s, the integration of the synchronous condenser is failed. This is because the delayed step-up activation leads to multiple control of the excitation system, which results in the failure of the establishment of the stator voltage and loss of the synchronizing point, and thereby failure of the grid integration of the synchronous condenser. Therefore, in order to ensure the reliability of the start-up control of the synchronous condenser with step-type variable frequency starting control, the instant of the step-up control should be effectively activated in advance, which leaves enough time for the stator voltage establishment.
B. SLOPE-TYPE VARIABLE FREQUENCY START-UP CONTROL
In this case, the starting mode of SFC is set as slope-type variable frequency starting control. The dynamic behaviours of the reactive power is illustrated in Fig. 5 . The performance of the reactive power and terminal voltages is evaluated with changes of the slope of frequency reference. The length of periods required for the rotor speed to increase from 314 rad/s to 330 rad/s is also analysed and used as the basis for evaluating the efficiency of this start-up control mode. The simulation results is presented in Table 2 . With the increase of the slope, the rising time of ω s decreases significantly, since the increase of the slope will shorten the length of periods and the slope-type will become close to a step-type when the slope increases very large. The reactive power decreases with the decrease of the slope (Fig. 5) . In order to enhance the efficiency of the slopetype variable frequency starting control with reduction of the rising time of ω s and surges of the reactive power, a balanced value of slope should be selected for optimizing the overall performance. The simulation results demonstrate that the failure of integration of the synchronous condenser does not occur with the slope-type variable frequency, i.e. the slopetype variable frequency control has high reliability.
C. STAIR-TYPE VARIABLE FREQUENCY START-UP CONTROL
In this case, the control mode of the SFC is set as stair-type variable frequency starting control. The strikes of terminal voltages are presented in Fig. 6 . The performance of the reactive power and terminal voltages is evaluated with changes of periods of each stair T unit , i.e. 0.1 s -0.4 s and 0.6 s, of frequency reference. The relevant simulation results are presented in Table 3 .
What we can see from Fig. 6 is that the strikes of the terminal voltage are very small. With the decrease of periods of each stair, the reactive power has an obviously increasing trend. In addition, there is no failure in the integration of the synchronous condenser with stair-type starting control. Hence, the stair-type start-up control has a high reliability.
Similar to the analysis of the case with slope-type variable frequency starting control, the selection of the periods of each stair should be balanced.
D. COMPARISON AND ANALYSIS
According to the simulation results of the above three variable frequency starting control modes, it can be seen that:
1) The advantage of step-type variable frequency starting control is speediness. The rising period of the frequency reference is short. Thus, the rotor speed can swiftly trace the change of the frequency. However, late step-up input settings may lead to failures of integration of the synchronous condenser and the strikes of terminal voltages are larger than the other two. 2) The merits of slope-type variable frequency starting control are relatively small surges of reactive power and high reliability without integration failure. The surges present inverse performance with the increase of the slope. Hence, the selection of the slope should be balanced to further enhance the reliability of slopetype variable frequency starting control.
3) The benefits of stair-type variable frequency starting control are that the strikes of terminal voltages are very small and the synchronous condenser can be integrated without failure. However, the decrease of the periods of each stair will result in increasing the overall number of stairs and affect the reliability of integration. In order to provide a quantification index for the comparison of different control modes, an evaluation index ε is proposed for different variable frequency start-up control, which takes the start-up time t s , reactive power impact Q m and voltage fluctuation V o .
where, k is the proportionality coefficient, which equals 1 determined according to practical applications. h is the index reflecting the integration outcome (success:1/fail:0) of the synchronous condenser. The evaluation index ε is supposed to be larger than the standard evaluation index ε s . In this case, we can required that the rising time t s should be less than 4.5 s, the surges of the reactive power should be smaller than 50 MVar, and the strikes of the terminal voltage should be smaller than 1.0 kV. It is therefore assumed that the evaluation index is about 0.0044. According to the simulation results shown in Table 1∼3 , it can be seen that when the above criterions are met, there is no failure in integrating the synchronous condenser, which indicates the value of the proposal of the evaluation index.
IV. IMPROVED START-UP CONTROL STRATEGY
In practical applications, the start-up process requires not only a small surge of reactive power and terminal voltages strike, but also the SFC to be able to swiftly integrate the synchronous condenser to the grid. In this paper, an optimized variable frequency start-up control is proposed, in which the frequency is firstly increased to 52 Hz in the mode of stairtype, and then converted to 52.5 Hz in the mode of slope-type with a slope of 0.4. The diagram is shown in Fig. 7 . The proposed optimized start-up control can be regarded as hybrid control mode, which combines the advantages of three start-up control. The advantages of the optimized variable frequency start-up control is that the initial stair-type variable frequency is beneficial to reduce the surges of reactive power and terminal voltages; the next slope-type variable frequency guarantees the reliability of successful integration of the synchronous condenser; because the speediness of step-type variable frequency can be obtained by the other two control modes and its strikes of terminal voltages are the largest, it is not applied in the optimized control strategy.
In order to demonstrate the effectiveness of the proposed strategy, we compare its performances with the other two control modes in their advantages. In other words, we compare its reactive power characteristic to that of slope-type variable frequency starting control mode; we compare its terminal voltage characteristic to that of stair-type variable frequency starting control mode. Fig. 8 shows the dynamic behaviors of the reactive power with the proposed optimized variable frequency start-up control. Fig. 9 shows the dynamic behaviors of the terminal voltage. The length of period to increase the rotor speed to 330 rad/s, the surges of reactive power and terminal voltage strikes are presented in Table 4 as the basis for evaluating the performance of the optimized control strategy. The simulation results demonstrate that the optimized variable frequency start-up control can ensure small surges of reactive power ( Fig. 8 ) and strikes of terminal voltage (Fig. 9 ). In addition, the rising time of ω s is not long, satisfying both the evaluation index requirements proposed in Section 3 and speediness of integrating the synchronous condenser. Hence, the simulation results verify the effectiveness of the proposed control strategy, which can be think as an integration of the advantages of other three control modes. Based on the simulation results, the calculated evaluation index is
Since ε is greater than 0.0044, the proposed optimized variable frequency start-up control can guarantee the reliability and speediness of integration. This indicates that the optimized control strategy is better than the original variable frequency start-up control modes.
V. PERFORMANCE COMPARISON USING DIFFERENT START-UP APPROACHES
In this section, system performance, particularly the surges of reactive power, using different start-up approaches is compared. In order to present the comparison clearly, we select • step-type variable frequency starting control (t o = 10 s) as 'Case 1';
• slope-type variable frequency starting control (slope = 0.6) as 'Case 2';
• stair-type variable frequency starting control (T unit = 0.6 s) as 'Case 3';
• hybrid variable frequency starting control as 'Case H'.
Since Case 1, 2, 3 have the optimal performance in their specific start-up approach, i.e. step/slope/stair-type variable frequency control, with minimum surges of reactive power and voltage, they are selected for further comparison between different start-up approaches. Apart from the surges of reactive power on the terminal of the synchronous condenser, the impact of the start-up approaches on the interconnected AC system is also analyzed and compared. The surges of reactive power Q ac at Bus I are measured and presented in Table 5 when the synchronous condenser is integrated. Comparisons of the system performance with different startup approaches are shown in Table 5 . In Table 5 , Case H/1, H/2, H/3 presents the comparison of the proposed hybrid start-up control approach with other approaches. It can be seen that the performance with Case H has significant superiority regarding the surges of reactive power and strikes of terminal voltages, even if comparing with the best scenarios in the other three approaches. For the impact on the interconnected AC system, Case H also demonstrates a superior performance over the others in restraining the surges of reactive power.
VI. CONCLUSION
In this paper, three different variable frequency starting control modes of the SFC have been proposed to start the synchronous condenser. A synchronous condenser integrated HVDC system with a VSC-based SFC has been established in the time-domain simulation environment PSCAD/ EMTDC. The simulation results have demonstrated that the advantage of the step-type variable frequency starting control lies in the rapidity, the advantage of the slope-type variable frequency starting control is high reliability, and the advantage of the stair-type variable frequency starting control lies in smaller surges of reactive power. In addition, the success rate of slopetype and stair-type is proved to be higher than that of the step-type. Based on the theoretical analysis and simulation results, an evaluation index of integrating the synchronous condenser under different variable frequency start-up control has been proposed. An optimized SFC variable frequency starting control strategy has been synthesized by combing the merits of three start-up control modes and can be considered as a hybrid start-up control mode. The simulation results have justified the effectiveness and superiority of the optimized variable frequency start-up control strategy proposed. Furthermore, the impact of different start-up approaches can be further investigated by using detailed generator models and standard IEEE models, e.g. IEEE 9-bus model, instead of using series-connected impedance with an ideal AC voltage source. Since the focus of this paper is the start-up control of the synchronous condenser integrated HVDC system with SFC and a proposal of an improved hybrid start-up control scheme, in-depth studies on the impact of start-up control approach on the power system is not conducted and can be researched in the future. QINGWEN MOU is currently pursuing the M.Sc. degree with the Department of Electrical Engineering, School of Automation, Nanjing University of Science and Technology, China.
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